Diabetic retinopathy, the leading cause of blindness in the working age population,[@bib1]^,^[@bib2] is characterized by early vascular lesions involving apoptotic cell death.[@bib3]^--^[@bib8] Our previous studies suggest that mitochondrial fragmentation contributes to accelerated apoptotic cell loss associated with diabetic retinopathy.[@bib9]^--^[@bib15] Although high glucose (HG) triggers mitochondrial fragmentation in retinal endothelial cells and pericytes in vitro,[@bib10]^,^[@bib11] it is unclear whether this phenomenon occurs in vivo during the development and progression of diabetic retinopathy. To determine whether such morphologic changes involving mitochondrial fragmentation develops in diabetic retinas, in this study, we have examined vascular cells in the retinal capillaries from nondiabetic and diabetic rats using transmission electron microscopy. Furthermore, to gain mechanistic insights into how such mitochondrial fragmentation develops, we investigated to what extent optic atrophy gene 1 (OPA1), a mitochondrial fusion protein, plays a role in the retinas of diabetic animals.

Maintenance of mitochondrial structure is regulated through a delicate balance between fission and fusion events. OPA1 is a fusion gene that plays a key role in preserving mitochondrial morphology and the mitochondrial network.[@bib16]^--^[@bib19] OPA1, a dynamin-related GTPase, is associated with the inner mitochondrial membrane where it mediates inner membrane fusion[@bib20] and acts as a gatekeeper of cytochrome c release during apoptosis.[@bib21] After its biogenesis, proteolytic cleavage of the OPA1 protein results in a long and a short form of OPA1. The long form of OPA1 is present as an integral membrane protein on the mitochondrial inner membrane whereas the short form of OPA1 resides in the mitochondrial intermembrane space.[@bib22] In the absence of OPA1, there could be partial mitochondrial fusion, but the process would be incomplete and may lead to mitochondrial fragmentation even in the presence of outer membrane fusion proteins.[@bib23] This suggests that OPA1 is functionally required for successful mitochondrial fusion[@bib24] and that compromised OPA1 function could thereby lead to mitochondrial fragmentation. It is important to note that in addition to OPA1, which facilitates fusion of the inner mitochondrial membrane, MFN1 and MFN2, outer mitochondrial membrane proteins of the dynamin family, tethers apposing mitochondria to promote fusion of the outer mitochondrial membrane.[@bib25]^,^[@bib26]

The importance of OPA1 has been underscored through various studies with regard to maintenance of mitochondrial morphology.[@bib27]^--^[@bib36] Deficiency of OPA1 has been shown to contribute to mitochondrial fragmentation in various cell types, including HeLa cells,[@bib27] mouse coronary endothelial cells,[@bib29] human ovarian carcinoma cell line,[@bib19] and mouse embryonic fibroblasts.[@bib18] Reduced OPA1 levels in a muscle-specific OPA1 knockout model not only disrupted mitochondrial structure but also progressively impaired mitochondrial respiratory capacity by reducing oxygen consumption rates,[@bib31] leading to dysfunctional mitochondria and subsequent apoptotic cell death.[@bib32] These studies implicate OPA1 deficiency as a potential contributory factor underlying mitochondrial fragmentation in apoptotic cell loss associated with diabetic retinopathy.

To verify whether HG--induced mitochondrial fragmentation seen in retinal vascular cells in vitro also develops in vivo, electron micrographs of retinal tissues from nondiabetic and diabetic rats were examined. To determine the role of OPA1 in mitochondrial dysfunction, in the present study, we examined whether HG condition alters OPA1 expression, promotes mitochondrial fragmentation, and triggers cytochrome c release in vitro. In addition, studies were conducted to assess whether OPA1 levels were altered in the diabetic retinas, and whether decreased levels of OPA1 result in elevated cytochrome c levels using an OPA1^+/−^ animal model.

Methods {#sec2}
=======

Cell Culture {#sec2-1}
------------

Rat retinal capillary endothelial cells (RRECs) that were positive for von Willebrand factor (vWF) were used in this study and were isolated as previously described.[@bib37] To investigate the effect of abnormal OPA1 downregulation and cytochrome c release, RRECs were grown in normal (N, 5 mmol/L glucose), HG (25 or 30 mmol/L glucose) Dulbecco\'s modified Eagle medium (DMEM) containing 10% fetal bovine serum (Sigma, St. Louis, MO, USA), antibiotics and antimycotics for seven days. In parallel, cells grown in N medium were exposed to 25 or 30 mmol/L mannitol as osmotic control. Cells grown according to the experimental groups were then assessed for OPA1 expression, cytochrome c release, and mitochondrial morphology.

Animals {#sec2-2}
-------

Animal studies were conducted following the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research. Twelve Sprague-Dawley rats were used to assess mitochondrial morphology changes in diabetic retinas. Additionally, 12 wild-type (WT) C57/BL6 mice (Harlan Lab, Inc, Indianapolis, IN, USA) and six OPA1^+/−^ mice bred into the C57/BL6 background kindly provided by Dr. Marcella Votruba[@bib17] were used in the study. Genotypes of the mice were determined by polymerase chain reaction (PCR) at weaning using tail tip DNA and then again at sacrifice. PCR reactions were prepared using the PCR enzyme solution (PCR Master Mix; Promega, Madison, WI, USA) along with the following primers: Primer 1, 5′--CTCTTCATGTATCTGTGGTC--3′; Primer 2, 5′--TTACCCGTGGTAGGTGATCATG--3′; Primer 3, 5′--TTACCCGTGGTAGGTGATCATA--3′. Primers 1 and 2 amplify an approximately 160-bp fragment from the WT OPA1 allele. Primers 1 and 3 amplify a 160-bp fragment from the OPA1^+/−^ allele. The OPA1^−/−^ genotype was not used in this study as it is known to cause perinatal lethality.[@bib17]

Streptozotocin (STZ) was injected intraperitoneally (55 mg/kg body weight) in six WT mice to induce diabetes. Blood and urine glucose concentrations were monitored two or three days after STZ injection to confirm onset of diabetes in the animals. The remaining six WT and six OPA1^+/−^ mice served as nondiabetic controls. In parallel, to assess diabetes-induced changes in mitochondrial morphology, electron micrographs of six nondiabetic and six diabetic rat retinas were analyzed. Blood glucose levels were measured in each animal two to three times weekly and at the time of death. Mice or rats exhibiting blood glucose levels of ∼350 mg/dL represented were included as the diabetic group. Neutral protamine hagedorn (NPH) insulin was administered to diabetic animals as needed to maintain blood glucose levels ∼350 mg/dL. After 16 weeks of diabetes, animals from all experimental groups were killed, retinas isolated, and total protein obtained. To determine the effect of diabetes on OPA1 and cytochrome c expression, protein isolated from diabetic mouse retinas and nondiabetic mouse retinas were subjected to WB analysis.

Cell Transfection with OPA1 Small Interfering RNA (siRNA) and Isolation of Cytosolic and Mitochondrial Fractions {#sec2-3}
----------------------------------------------------------------------------------------------------------------

To investigate the effect of reduced OPA1 expression on cytochrome c release and mitochondrial morphology, RRECs were grown in N medium and transfected with 100 µmol/L OPA1 siRNA (Invitrogen, Carlsbad, CA, USA) in the presence of 8 µmol/L Lipofectin (Invitrogen). To isolate mitochondrial and cytosolic fractions from cell lysates, cells grown in N medium, HG medium, or N medium transfected with OPA1 siRNA were washed with phosphate-buffered saline solution and underwent lysis using 0.1% Triton-X-100 buffer that contains 10 mmol/L Tris, pH 7.5, 1 mmol/L ethylenediamine tetra-acetic acid, and 1 mmol/L phenylmethylsulfonyl fluoride. The cell lysate was then spun in a centrifuge at 700*g* for 5 minutes. After centrifugation, the supernatant was taken and spun in a centrifuge again at 21,000*g* for 15 minutes, and the resultant supernatant was isolated as the cytosolic fraction. The residual cellular pellet was subjected to washes with the Triton buffer previously described and underwent centrifugation at 21,000*g* for 15 minutes. The supernatant was carefully removed and thrown away while the remaining cellular pellet was washed with radioimmunoprecipitation assay buffer that contained 1 mmol/L phenylmethylsulfonyl fluoride, followed by centrifugation at 21,000*g* for 15 minutes. The resultant supernatant was isolated as the mitochondrial fraction. The mitochondrial and cytosolic fractions of cell lysates were then subjected to WB analysis to determine cytochrome c release. In addition, cytosolic and mitochondrial fractions were obtained from retinas of WT mice, diabetic mice, and OPA1^+/−^ mice using the Mitochondria Isolation Kit (Thermo Scientific, Waltham, MA, USA) designed for intact mitochondrial isolation from tissues. The mitochondrial and cytosolic fractions from retinal tissues were then subjected to WB analysis to assess cytochrome c levels.

Western Blot Analysis {#sec2-4}
---------------------

To assess OPA1 expression and cytochrome c release, cytosolic and mitochondrial fractions of RRECs from the experimental groups were subjected to WB analysis. In parallel, protein samples isolated from diabetic or non-diabetic mouse retinas were subjected to WB analysis to examine OPA1 and cytochrome c levels. Bicinchoninic acid protein assay (Pierce Chemical, Rockford, IL) was used to obtain protein concentrations of cell lysates and retinal tissues. A 10% SDS-polyacrylamide gel was loaded with equal amount of protein (20 µg) in separate lanes and electrophoresed along with a molecular weight marker (Lonza, Basel, Switzerland). After completion of electrophoresis, protein was then transferred onto a PVDF membrane (Millipore, Billerica, MA, USA) using a semidry apparatus according to Towbin\'s procedure.[@bib38] The membrane was blocked with 5% nonfat dry milk for two hours and incubated overnight at 4°C with mouse monoclonal OPA1 antibody (1:2500, Catalog no. 612606; BD Biosciences, San Jose, CA, USA) or mouse monoclonal cytochrome C antibody (1:500, Catalog no. ab13575; Abcam, Cambridge, MA, USA) solution in Tris-buffered saline solution containing 0.1% Tween-20 (TTBS) and 5% bovine serum albumin. Next day, the membrane was subjected to TTBS washes and exposed to a secondary antibody solution containing anti-rabbit IgG, AP-conjugated antibody (1:3000, Catalog no. 7054; Cell Signaling, Danvers, MA, USA) or anti-mouse IgG, AP-conjugated antibody (1:3000, Catalog no. 7056, Cell Signaling) in room temperature for one hour. Immun-Star chemiluminescent substrate (Bio-Rad, Hercules, CA, USA) was used on the membrane after TTBS washes, and chemiluminescent signals were captured using the LAS-4000 digital imaging system (Fujifilm, Tokyo, Japan). Equal loading of protein samples was ascertained by Ponceau-S staining after transfer, and by β-actin antibody (1:1000, Catalog no. 4967, Cell Signaling) or VDAC1 antibody (1:1000, Catalog no. sc-390996; Santa Cruz Biotechnology, Dallas, TX, USA). To determine OPA1, cytochrome C, VDAC1, and β-actin protein expression, chemiluminescent signals were subjected to densitometric analysis at non-saturating thresholds by Image J software (developed by Wayne Rasband, National Institutes of Health, Bethesda, MD, USA).

Live Confocal Microscopy and Analysis of Mitochondrial Morphology {#sec2-5}
-----------------------------------------------------------------

Cells from experimental groups grown on poly-D-lysine-coated glass slide-bottom dishes (MatTek) were stained by MitoTracker Red, maintained at 37°C in a 5% CO~2~ humidified microscope stage chamber and were imaged live via confocal microscopy to capture mitochondrial morphology using a Zeiss LSM 710 Meta microscope (Carl Zeiss, Oberkochen, Germany) with a 63× oil immersion objective. MitoTracker Red was subjected to 543 nm helium/neon laser excitation, and emission was recorded through a bandpass 650 to 710 nm filter (Zeiss, Thornwood, NY, USA). Captured images of mitochondria were quantitatively analyzed for changes in mitochondrial morphology by assessing values of form factor (FF) and aspect ratio (AR) values.[@bib39]^,^[@bib40] In ImageJ, mitochondria images underwent processing with a median filter to attain equal fluorescent pixels. Then, particle analysis was performed on images of mitochondria to obtain values of FF (4^\*^Area/perimeter^2^) and AR (length of major axis divided by length of minor axis). A value of 1 for FF corresponds to a circular, unbranched mitochondrion while higher values of FF represent a longer mitochondrion with increased extent of branching. A value of 1 for AR represents a perfect circle, whereas higher values of AR indicate a higher extent of mitochondrial elongation. At least ten random fields from live confocal microscopy were taken in each experimental group and were subjected to AR and FF quantitative analysis.

Electron Microscopy {#sec2-6}
-------------------

Eyes from nondiabetic or diabetic rats were enucleated, and retinas isolated were fixed in 2.5% glutaraldehyde in a 0.1 mol/L cacodylate buffer. Osmium tetraoxide, ethanol, and propylene oxide (EMS, Hatfield, PA, USA) were used to dehydrate the tissues, which were then embedded in an Epon-Araldite plastic mixture and baked for 48 hours. After the embedding procedure, ultrathin sections were sliced serially at 60 to 70 nm using a microtome (LKB Ultratome Nova, Bromma, Sweden). Subsequently, the sections were placed on a copper grid, stained with 4% uranyl acetate in methanol, and images were acquired using a transmission electron microscope (Philips, Electron Optics, Eindhoven, Netherlands). Electron micrographs were taken of retinal capillaries spanning the outer plexiform and ganglion cell layers and analyzed for mitochondrial morphology. Electron microscopy images were analyzed for a total number of mitochondria per section from nondiabetic and diabetic animals. Fragmented mitochondria per section were scored from each of these images from nondiabetic animals and compared with those of diabetic animals.

Statistical Analysis {#sec2-7}
--------------------

Data from this study are reported as mean ± standard deviation. Data from the control group were normalized to 100% while data from other experimental groups were indicated as percentages of control. Comparison between two groups was performed using a Student *t*-test. Comparisons among three or more groups were performed using one-way analysis of variance followed by Bonferroni\'s post-hoc test. Data with *P* \< 0.05 was considered significant.

Results {#sec3}
=======

Mitochondrial Fragmentation in Vascular Cells of Retinal Capillaries in Diabetic Rats {#sec3-1}
-------------------------------------------------------------------------------------

A total of 38 images (n = 8) representing nondiabetic animals were analyzed for fragmented mitochondria in the retinal capillaries and compared to those of diabetic animals. A fivefold increase in the number of fragmented mitochondria was observed in the vascular cells of retinal capillaries in diabetic animals compared with those of nondiabetic animals (*P* \< 0.001; [Fig. 1](#fig1){ref-type="fig"}).

![EMs show mitochondrial morphology change in retinal vascular cells of diabetic rats. (**I**) Intact, elongated, tubular mitochondria in vascular cells of non-diabetic rat retinas. (**II**) Fragmented mitochondria (black arrows) or mitochondria undergoing fragmentation (white arrows) in the diabetic rat retinas. Fragmented mitochondria are frequently seen in the diabetic retinas. *Left panel:* insets at the top (**1A, 2A, 3A**) show enlarged views of corresponding areas from lower panel (**1B, 2B, 3B**). Note: enlarged view shows tubular structure and cristae in the mitochondrion. *Right panel:* insets at the top (**1A, 2A**) show enlarged views of corresponding areas from lower panel (**1B, 2B**). *Scale bar:* 1 µm. (**III**) Graph of cumulative data indicate that diabetic (*D*) retinas exhibit a fivefold increase in the number of mitochondria undergoing fragmentation compared to that of nondiabetic (*N*) retinas. ^\*^*P* \< 0.001 versus *N*, n = 6.](iovs-61-10-10-f001){#fig1}

HG Downregulates OPA1 Expression in RRECS {#sec3-2}
-----------------------------------------

RRECs grown in 25 mmol/L HG medium (74.3 ± 4.1% of N; *P* \< 0.01; [Figs. 2](#fig2){ref-type="fig"}A, [2](#fig2){ref-type="fig"}B) or 30 mmol/L HG medium (69.7 ± 5.9% of N; *P* \< 0.01; [Figs. 2](#fig2){ref-type="fig"}A, [2](#fig2){ref-type="fig"}B). had significantly reduced OPA1 compared with cells grown in N medium. In addition, cells grown in 25 mmol/L mannitol (100.3 ± 4.0% of N; *P* \> 0.05; [Figs. 2](#fig2){ref-type="fig"}A, [2](#fig2){ref-type="fig"}B) or 30 mmol/L mannitol (95.5 ± 0.11% of N; *P* \> 0.05; [Figs. 2](#fig2){ref-type="fig"}A, [2](#fig2){ref-type="fig"}B) used as osmotic control showed no significant difference in OPA1 expression compared with cells grown in N medium alone. In addition, cells transfected with OPA1 siRNA showed OPA1 downregulation as expected compared with cells grown in N medium alone (78.0 ± 10.2% of N; *P* \< 0.05; [Figs. 3](#fig3){ref-type="fig"}A, [3](#fig3){ref-type="fig"}B).

![Effects of HG on OPA1 expression in RRECs. (**A**) Representative WB image shows OPA1 is downregulated in cells grown in 25 mmol/L or 30 mmol/L HG. Cells exposed to 25 mmol/L or 30 mmol/L mannitol (*Man*) show no significant difference in OPA1 expression compared to cells grown in N medium. (**B**) Graphical illustration of cumulative data shows 25 mmol/L or 30 mmol/L HG significantly downregulates OPA1 expression. Data are expressed as mean ± SD. ^\*\*^*P* \< 0.01 versus N, n = 6.](iovs-61-10-10-f002){#fig2}

![OPA1 downregulation using OPA1 siRNA. (**A**) Representative WB image shows OPA1 siRNA successfully leads to OPA1 downregulation compared to that of cells grown in normal (*N*) medium. (**B**) A graph of cumulative data indicate that cells transfected with OPA1 siRNA exhibit a significant decrease in OPA1 expression compared to cells grown in N medium. ^\*^*P* \< 0.05 versus N, n = 6.](iovs-61-10-10-f003){#fig3}

OPA1 Downregulation Promotes Mitochondrial Fragmentation in RRECs {#sec3-3}
-----------------------------------------------------------------

Live mitochondrial imaging data using confocal microscopy indicated that the cells grown in 25 mmol/L HG medium and 30 mmol/L HG medium showed significant reduction in values of FF and AR compared to those grown in N medium (N: FF = 4.07 ± 0.54. AR = 2.42 ± 0.13; 25 mmol/L HG: FF = 2.39 ± 0.34; *P* \< 0.01. AR = 1.89 ± 0.09; *P* \< 0.05; 30 mmol/L HG: FF = 2.39 ± 0.32; *P* \< 0.01; AR = 1.91 ± 0.11; *P* \< 0.05; [Figs. 4](#fig4){ref-type="fig"}A, [4](#fig4){ref-type="fig"}B). Cells exposed to 25 or 30 mmol/L mannitol (25 mmol/L mannitol: FF = 3.56 ± 0.14; *P* \> 0.05. AR = 2.33 ± 0.20; *P* \> 0.05; 30 mmol/L mannitol: FF = 3.86 ± 0.51; *P* \> 0.05; AR = 2.34 ± 0.23; *P* \> 0.05, [Figs. 4](#fig4){ref-type="fig"}A, [4](#fig4){ref-type="fig"}B) used as osmotic controls showed no significant difference in FF or AR values compared with those of cells grown in N medium. Interestingly, cells grown in N medium and transfected with OPA1 siRNA showed significant reduction in FF and AR values (N+OPA1 siRNA: FF = 2.54 ± 0.11; *P* \< 0.01; AR = 1.92 ± 0.05; *P* \< 0.05, [Figs. 4](#fig4){ref-type="fig"}A, [4](#fig4){ref-type="fig"}B) similar to cells grown in HG medium.

![OPA1 downregulation compromises mitochondrial morphology and promotes mitochondrial fragmentation. (**A**) Representative confocal images of RRECs grown in normal (*N*) medium stained with mitotracker red show long, tubular networks of mitochondria. Cells grown in 25 mmol/L or 30 mmol/L mannitol (*Man*) showed no significant difference in mitochondrial morphology compared with that of cells grown in N medium. In parallel, cells grown in 25 mmol/L or 30 mmol/L high glucose (*HG*) medium (*middle panel*) and cells transfected with OPA1 siRNA (*right panel*) exhibit significant mitochondrial fragmentation. *Scale bars:* 10 µm. (**B**) A graph of cumulative data indicates that cells grown in HG medium and cells transfected with OPA1 siRNA exhibit a significant decrease in FF and AR values compared with cells grown in N medium. ^\*\*^*P* \< 0.01; ^\*^*P* \< 0.05, n = 6.](iovs-61-10-10-f004){#fig4}

Effects of HG and OPA1 Downregulation On Cytochrome C Release in RRECs {#sec3-4}
----------------------------------------------------------------------

WB results indicated that cells grown in HG medium exhibited a significant increase in cytochrome c release (264.0 ± 28.1% of N; *P* \< 0.05; [Figs. 5](#fig5){ref-type="fig"}A, [5](#fig5){ref-type="fig"}B) compared that of cells grown in N medium. Interestingly, cells grown in N medium and transfected with OPA1 siRNA alone also exhibited a significant increase in cytochrome c release (231.5 ± 26.8% of N; *P* \< 0.05; [Figs. 5](#fig5){ref-type="fig"}A, [5](#fig5){ref-type="fig"}B) similar to that of cells grown in HG medium.

![Effects of HG and OPA1 downregulation on cytochrome c release in RRECs. (**A**) Representative WB image demonstrates increased cytochrome c release in cells grown in HG and in cells transfected with OPA1 siRNA. (**B**) Graphical illustration of cumulative data shows HG or OPA1 siRNA significantly promotes cytochrome c release in cells grown in HG and in cells transfected with OPA1 siRNA. Data are expressed as mean ± SD. ^\*^*P* \< 0.05 vs N, n = 6.](iovs-61-10-10-f005){#fig5}

Diabetes Downregulates OPA1 Expression and Promotes Apoptosis in Mouse Retinas {#sec3-5}
------------------------------------------------------------------------------

WB data revealed significant OPA1 downregulation in diabetic mouse retinas compared that of non-diabetic wild-type mouse retinas (48.6% ± 2.9% of N; *P* \< 0.01; [Figs. 6](#fig6){ref-type="fig"}A, [6](#fig6){ref-type="fig"}C). As expected, OPA1^+/−^ mouse retinas showed reduced OPA1 expression compared wild-type mouse retinas (51.3% ± 3.7% of N; *P* \< 0.01; [Figs. 6](#fig6){ref-type="fig"}A, [6](#fig6){ref-type="fig"}C). Additionally, diabetic mouse retinas exhibited elevated cytochrome c release compared that of nondiabetic wild-type mouse retinas (216% ± 13.4% of N; *P* \< 0.01; [Figs. 6](#fig6){ref-type="fig"}B, [6](#fig6){ref-type="fig"}D). Interestingly, OPA1^+/−^ mouse retinas had similar elevation in cytochrome c release compared with that of nondiabetic wild-type mouse retinas (184% ± 15.1% of N; *P* \< 0.01; [Figs. 6](#fig6){ref-type="fig"}B, [6](#fig6){ref-type="fig"}D).

![OPA1 downregulation promotes cytochrome c release in mouse retinas. (**A**) Representative WB image shows OPA1 is downregulated in retinas of diabetic mice and in retinas of OPA1^+/−^ mice. (**B**) Representative WB images show increased cytochrome c release in retinas of diabetic and OPA1^+/−^ mice compared with those of WT mice. Graphical illustration of cumulative data shows (**C**) OPA1 downregulation is associated with an increase in (**D**) cytochrome c release. Data are expressed as mean ± SD. ^\*\*^*P* \< 0.01 versus WT, n = 6.](iovs-61-10-10-f006){#fig6}

Discussion {#sec4}
==========

The present study demonstrates for the first time that mitochondrial fragmentation develops in vascular cells of diabetic retinal capillaries associated with decreased OPA1 expression in the retinas of diabetic animals. Additionally, we observed in vitro that HG-induced downregulation of OPA1 expression in RRECs results in cytochrome c release and mitochondrial fragmentation. Interestingly, reducing OPA1 expression alone using OPA1 siRNA yielded similar findings. The 25 and 30 mmol/L glucose concentrations showed no significant difference in OPA1 expression levels or extent of mitochondrial fragmentation. In addition, mannitol used as osmotic control showed no significant change in OPA1 expression or extent of mitochondrial fragmentation compared to cells grown in normal condition. Importantly, we observed OPA1 downregulation together with increased cytochrome c levels in the diabetic retinas. These results indicate that reduced OPA1 levels may contribute to mitochondrial fragmentation and increase in cytochrome c level in OPA1^+/−^ mice, suggesting that OPA1 plays a significant role in regulating mitochondrial dynamics and maintenance of cell survival.

Recent studies have shed light on OPA1 and its relationship to apoptosis. Reduced OPA1 levels were shown to block mitochondrial fusion, promote mitochondrial fragmentation, and lead to cytochrome c release, which in turn, triggers apoptosis. This specific pathway was verified in studies using siRNA-mediated OPA1 downregulation leading to mitochondrial fragmentation and the release of cytochrome c.[@bib16]^,^[@bib19] Another study reported that in diabetic mice, the OPA1 level is significantly decreased in coronary endothelial cells concomitant with increased mitochondrial fragmentation seen in diabetes.[@bib29] These findings suggest that reduced OPA1 expression tilts the balance between fusion and fission events favoring fission and that such changes result in mitochondrial fragmentation, cytochrome c release, triggering caspase-dependent apoptosis. While cytochrome c release ultimately leads to activation of caspase-3 and promotes apoptosis,[@bib41] activated caspase-3 has also been reported to participate in nonapoptotic cellular responses such as remodeling of actin cytoskeleton[@bib42] and macrophage polarity formation.[@bib43] Additionally, studies have shown a functional correlation with OPA1 depletion and mitochondrial function. Mice with deficient OPA1 exhibited decreased copy number of mtDNA and reduced levels of nuclear antioxidant genes.[@bib44] Additionally, decreased activities of complexes I and IV were found in the hearts of OPA1^+/−^ mice.[@bib44] These observations indicate that maintenance of mitochondrial respiration and energy production is partly regulated by OPA1. Another study using cells isolated from OPA1^+/−^ mice reported mitochondrial respiratory deficiency and selective loss of complex IV caused by decreased OPA1 levels.[@bib45] Taken together, these studies indicate that reduced OPA1 expression may promote mitochondrial dysfunction.

In addition to OPA1 synthesis, there has been a growing interest in the processing of OPA1 and its effect on mitochondrial dynamics.[@bib46]^,^[@bib47] In OPA1 biogenesis, the long form of OPA1 (L-OPA1) can undergo cleavage at two proteolytic cleavage sites, S1 and S2, into two short forms of OPA1 (S-OPA1) by peptidases OMA1 and YME1L residing on the inner membrane.[@bib48]^--^[@bib51] Studies suggest that mature OPA1 constitutively undergoes processing at S1 and S2 cleavage sites at steady state[@bib52] and that a homeostatic balance is needed between L-OPA1 and S-OPA1 forms to maintain normal mitochondrial morphology.[@bib51] Interestingly, the long and short OPA1 isoforms have little activity individually but functionally complement each other when coexpressed, leading to optimal fusion activity.[@bib51] Moreover, studies suggest that L-OPA1 alone is sufficient to promote fusion, whereas excess cleavage of L-OPA1 into S-OPA1 forms under pathological stress is mostly associated with mitochondrial fission.[@bib22]^,^[@bib52]^--^[@bib54] Of note, in the ischemia-reperfusion--injured retina, restoration of L-Opa1 level improved mitochondrial morphology and inhibited apoptosis.[@bib55] Interestingly, one of the diabetic animals from the present study exhibited great extent of reduction in L-OPA1 than the rest, but this phenomenon remains under further investigation. These findings suggest that further studies are necessary to investigate the mechanisms by which OPA1 downregulation occurs, and whether HG conditions influence OPA1 processing and thereby influence mitochondrial dynamics in the context of diabetic retinopathy.

Although OPA1 plays a critical role in regulating mitochondrial structure, other genes such as MFN2, DRP1, and FIS1, are known to be involved in mitochondrial fission and fusion process. For example, MFN2, a mitochondrial fusion gene, has been found to be decreased in the retinal vessels of diabetic rats[@bib56] and retinas of human eyes with diabetic retinopathy.[@bib57] Furthermore, a study has shown that diabetes promotes hypermethylation of the MFN2 promoter and suppresses MFN2 expression, and that upregulation of MFN2 in HG condition increased mitochondrial fusion and led to the formation of elongated mitochondria.[@bib57] These findings indicate that mitochondrial dynamics is a complex process, which involves the interaction between fission and fusion events in regulating mitochondrial morphology and functionality under HG condition. The current study provides evidence for the role of HG- or diabetes-induced downregulation of OPA1 level in retinal vascular cells, which can negatively influence mitochondrial dynamics through increased mitochondrial fragmentation, cytochrome c release, and initiation of apoptosis. Therefore further investigation is needed to determine whether targeting abnormal OPA1 downregulation protects against the development of retinal vascular lesions associated with diabetic retinopathy.
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